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Abstract
Bunyamwera virus (BUNV) is the prototype of both the Orthobunyavirus genus and the Bunyaviridae family of segmented negative
sense RNA viruses. The tripartite BUNV genome consists of small (S), medium (M), and large (L) segments that are transcribed to give
a single mRNA and replicated to generate an antigenome that is the template for synthesis of further genomic RNA strands. We modified
an existing cDNA-derived RNA synthesis system to allow identification of BUNV RNA replication and transcription products by direct
metabolic labeling. Direct RNA analysis allowed us to distinguish between template activities that affected either RNA replication or mRNA
transcription, an ability that was not possible using previous reporter gene expression assays. We generated genome analogs containing the
entire nontranslated terminal sequences of the S, M, and L BUNV segments surrounding a common sequence. Analysis of RNAs
synthesized from these templates revealed that the relative abilities of BUNV segments to perform RNA replication was M  L  S.
Exchange of segment-specific terminal nucleotides identified a 12-nt region located within both the 3 and 5 termini of the M segment that
correlated with its high replication ability.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The Bunyaviridae family of segmented negative strand
RNA viruses contains five genera: Orthobunyavirus, Han-
tavirus, Nairovirus, Phlebovirus, and Tospovirus. The first
four of these genera contain viruses associated with serious
or fatal human disease, including Sin Nombre hantavirus,
Crimean Congo hemorrhagic fever nairovirus, and Rift Val-
ley fever phlebovirus. In addition, the Orthobunyavirus ge-
nus contains La Crosse, Oropouche, Cache Valley, James-
town Canyon, and Garissa viruses all of which have been
associated with serious human illness (Beaty and Calisher,
1991; Bowen et al., 2001; Klimas et al., 1981; LeDuc, 1987;
Sexton et al., 1997). Bunyamwera virus (BUNV) is the
prototype of both the Orthobunyavirus genus and also the
Bunyaviridae family, and it provides an excellent model for
studying the molecular and cellular biology of the serious
human pathogens of this important family of viruses.
The BUNV genome consists of three segments of nega-
tive sense RNA designated small (S), medium (M), and
large (L). The three segments are encapsidated by the nu-
cleocapsid (N) protein encoded by the 961 nt S segment
(Elliott, 1989b; Gentsch and Bishop, 1978). The S segment
also encodes the 11-kDa NSs protein (Fuller et al., 1983;
Fuller and Bishop, 1982) that acts as an interferon antago-
nist (Bridgen et al., 2001; Weber et al., 2002) and has been
reported to downregulate BUNV RNA synthesis in a mini-
replicon system (Weber et al., 2001). The M segment (4458
nt) (Lees et al., 1986) encodes a polyprotein precursor that
is cleaved to yield two covalently linked envelope glyco-
proteins, G1 and G2, and a third polypeptide, NSm, of
unknown function (Elliott, 1985; Fuller and Bishop, 1982;
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Gentsch and Bishop, 1979). The L segment (6875 nt) (El-
liott, 1989a) encodes the viral component of the BUNV
RNA-dependent RNA polymerase (RdRp). The coding re-
gion of each segment is surrounded by terminal nontrans-
lated sequences, which vary in length between 50 and 85 nt
at the 3 end and 100 to 174 nt at the 5 end (Fig. 2A). The
terminal nucleotides of these regions exhibit complementa-
rity, a feature common to all negative sense RNA viruses.
Both 3 and 5 terminal regions of all three segments are
identical for the first 11 nt. However after these 11 nt, the
nontranslated sequences of each BUNV segment are
unique.
Each BUNV genome segment directs two RNA synthetic
activities: (1) transcription of a single mRNA, and (2) rep-
lication to generate an antigenome which acts as an inter-
mediate for synthesis of further genomic strands. The rep-
lication products are identical in length; however, both the
5 and 3 ends of the BUNV mRNAs differ from the
corresponding antigenome. The mRNA 5 ends possess a
12- to 17-nt-long extension that comprises a 5 capped
oligonucleotide of host cell origin (Jin and Elliott, 1993a), a
characteristic feature of many Bunyaviridae family mem-
bers (Bouloy et al., 1990; Collett, 1986; Duijsings et al.,
2001; Enami et al., 1985; Jin and Elliott, 1993b; Patterson
and Kolakofsky, 1984). These structures appear similar to
the “snatched” 5 cap structures of influenza virus mRNAs
(Bouloy et al., 1978; Krug et al., 1979; Plotch et al., 1981).
Additionally, the 3 ends of bunyavirus mRNAs are trun-
cated relative to the genomic template. S segment mRNAs
are truncated by approximately 100 nt, while the M and L
segment mRNAs are truncated by approximately 40 nt
(Bouloy et al., 1990; Cunningham and Szilagyi, 1987;
Eshita et al., 1985; Jin and Elliott, 1993a).
RNA synthesis within infected cells has been studied in
detail for two Bunyaviridae family members, La Crosse
orthobunyavirus (LACV), and Uukuneimi phlebovirus
(UUKV). For LACV, RNA synthesis is complex with tran-
scription and replication of each segment being both cell
type dependant and also under temporal control. During
infection of cells derived from the natural mosquito host,
LACV M segment genomic RNA is most abundant, fol-
lowed by L segment genomes, with S segment genomes
being the least abundant (Rossier et al., 1988). LACV in-
fection of BHK cells results in approximately equimolar
synthesis of the S, M, and L genomes, although during early
stages of infection, M segment genomes predominate
(Rossier et al., 1988). UUKV also generates more M seg-
ment genomes than either L or S segment during infection
of BHK cells (Pettersson and Kaariainen, 1973). The mo-
lecular basis for the higher replication ability of the M
segment of these Bunyaviridae family members is un-
known.
A reverse genetics system able to investigate BUNV
RNA synthesis has been reported (Dunn et al., 1995). Anal-
ysis of reporter gene expression from recovered RNA seg-
ments showed that the nontranslated terminal regions of the
S segment contained signals necessary for RNA synthesis.
However, as reporter gene expression was used to measure
RNA synthesis, the roles of the terminal sequences in con-
trolling the distinct activities of replication or transcription
was not determined. This system subsequently allowed re-
covery of infectious BUNV (Bridgen and Elliott, 1996) and
more recently the recovery of a BUNV variant unable to
express the NSs protein (Bridgen et al., 2001).
We modified this system in order to generate BUNV
RNAs so abundantly that they could be detected by meta-
bolic labeling. This process offers two important advantages
over previous assays that studied RNA synthesis using re-
porter gene expression. First, changes in reporter expression
cannot be specifically related to changes in either replication
or transcription, as both activities affect accumulation of
reporter mRNAs. In contrast, direct RNA analysis identifies
the primary products of transcription and replication and so
changes in either processes can be unambiguously distin-
guished. Second, as reporter expression also relies on trans-
lation, its accuracy is vulnerable to changes affecting trans-
lation of reporter mRNA, such as mRNA stability. In
contrast, by detecting the primary products of RNA synthe-
sis, effects on reporter mRNA translation are excluded.
Using a BHK-cell-based assay, we examined whether
unique nontranslated sequences present at the termini of the
three S, M, and L BUNV segments affected their relative
abilities to replicate. We show that the terminal regions of
the three BUNV segments direct substantially different lev-
els of replication. The relative levels of RNA replication
were M  L  S. A major determinant for the enhanced
replication activity of the M segment was localized to a
12-nt region of both the 3 and 5 segment termini, impli-
cating the unique terminal sequences of each BUNV seg-
ment in regulation of RNA synthesis.
Results
Development of a system to investigate BUNV replication
and transcription using direct RNA analysis
The plasmid pT7riboBUN-S (Bridgen and Elliott, 1996),
shown schematically in Fig. 1A, was designed to generate
an RNA having a sequence identical to that of the authentic
BUNV S segment antigenomic RNA, except for the dinu-
cleotide GG which directly followed the T7 RNA polymer-
ase promoter. Previously, transfection of this cDNA in com-
bination with those expressing the entire M and L segments
led to recovery of infectious BUNV (Bridgen and Elliott,
1996), confirming that this cDNA gave rise to a fully func-
tional BUNV S segment RNA. We wanted to use these
cDNAs and their derivatives to investigate BUNV RNA
synthesis by direct metabolic labeling. This approach would
allow us to discriminate how alterations to cis- and trans-
acting factors affected the separate processes of BUNV
RNA replication and mRNA transcription, which has not
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been possible using previously described reporter gene as-
says.
Transfection of pT7riboBUN-S into vTF7-3 infected
cells along with plasmids expressing the N, NSs, and L
proteins encoded by the BUNV S and L segment coding
regions generated the BUN-S genome analog template. This
template synthesized three major metabolically labeled and
actinomycin D-resistant RNA species. When analyzed by
agarose–urea gel electrophoresis, which separates RNAs
according to both molecular weight and nucleotide se-
quence composition, these three RNAs (Fig. 1B, lane 1)
comigrated with the actinomycin D-resistant S segment
genome, antigenome, and mRNAs generated in BUNV-
infected BHK-21 cells (Fig. 1B, lane 2) that had been
previously described by others using the same gel system
(Cunningham and Szilagyi, 1987). We confirmed the iden-
tity of these three BUNV S segment RNAs by sequence and
strand-specific oligonucleotide hybridization followed by
RNase H digestion (data not shown). The relative abun-
dance of the three RNAs expressed from S-BUN closely
matched the relative abundance of the corresponding RNAs
synthesized in BUNV-infected cells (Fig. 1B). These find-
ings indicated that our direct labeling assay was able to
detect the genome, antigenome, and mRNAs synthesized
from a cDNA-derived BUNV S segment, thus providing us
with the means to investigate both BUNV replication and
BUNV transcription.
Construction of cDNAs expressing BUNV segment RNAs
with S, M, and L terminal regions
We used direct RNA analysis to compare the relative
abilities of the S, M, and L BUNV segments to perform
RNA replication.
Three plasmids were constructed that contained the en-
tire S, M, or L segment-specific noncoding regions sur-
rounding a common 936-nt-long heterologous sequence
Fig. 2. Diagrammatic representation of BUNV S, M, and L segment
genome analogs and visualization of the RNAs they encode. (A) Three
genome analogs, BUN-S(ren), BUN-M(ren), and BUN-L(ren), in which
the entire BUNV S, M, and L segment nontranslated regions surrounded a
common sequence (Renilla luciferase) are shown schematically. The nu-
cleotides of the nontranslated regions derived from the respective segment
sequences are specified. (B) Metabolically labeled actinomycin D-resistant
RNAs were synthesized in vTF7-3 infected BHK-21 cells transfected with
BUNV S and L support plasmids and BUN-S(ren) (lane 2), BUN-M(ren)
(lane 3), and BUN-L(ren) (lane 4) genome analogs. These RNAs were
analyzed by agarose–urea gel electrophoresis alongside RNAs generated
from the cDNA-derived BUNV S segment for comparison (lane 1).
Fig. 1. Diagrammatic representation of the plasmid pT7riboBUN-S and the
RNAs generated from the antigenomic sense S segment that it encodes. (A)
Plasmid pT7riboBUN-S was constructed by inserting the entire 961-nt
BUNV S segment sequence between the T7 RNA polymerase promoter
and the self-cleaving hepatitis delta virus ribozyme (). This plasmid, along
with plasmids expressing the N, NSs, and L proteins encoded by the
BUNV S and L segments were transfected into vaccinia recombinant
vTF7-3 infected BHK-21 cells. The primary T7 RNA polymerase tran-
script generated from pT7riboBUN-S was assembled into the BUNV S
segment antigenome. (B) The actinomycin D-resistant, [3H]uridine-labeled
RNAs generated by the cDNA-derived BUNV S segment were subject to
agarose–urea gel electrophoresis and visualized by fluorography (lane 1).
These RNAs comigrated with the genome, antigenome, and mRNA species
synthesized from the S segment in BUNV-infected BHK-21 cells labeled
2 h postinfection (lane 2). The RNAs were separated on the same gel but
the lanes were exposed for different times (sevenfold longer for the cDNA-
generated S segment RNAs). The unmarked band of high-molecular-
weight RNA in lane 1 is an actinomycin D-resistant host cell RNA.
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(Renilla luciferase) (Fig. 2A). For the S segment this in-
cluded nucleotides 1–85 and 788–961, for the M segment
nucleotides 1–56 and 4359–4458, and for the L segment
nucleotides 1–50 and 6768–6875 (Fig. 2A). The approach
of substituting the BUNV coding sequences of each seg-
ment with a common sequence was adopted for three rea-
sons. First, our goal was to exclusively analyze whether
cis-acting signals present in the BUNV S, M, and L segment
terminal regions affected RNA synthesis. This aim would
not be possible if the genome analogs encoded BUNV gene
products that could affect RNA synthesis by acting in-trans,
as in the case of the cDNA-derived S segment template
(BUN-S) that was capable of expressing functional BUNV
N and NSs proteins. Second, we wanted the opportunity to
assess independently the role of these and other trans-acting
BUNV gene products, and this strategy allowed us to con-
trol the expression of such products from cDNAs by trans-
fecting individual plasmids separately or in combination.
The third reason for positioning the three segment terminal
regions around an identical sequence was to allow us to
study how these terminal sequences controlled RNA syn-
thesis from templates of comparable sizes.
RNA synthesis from templates with S, M, and L segment
terminal regions
BUNV genome analog templates BUN-S(ren), BUN-
M(ren), and BUN-L(ren) were generated by transfecting
plasmids pBUN-S(ren), pBUN-M(ren), and pBUN-L(ren),
respectively, into vTF7-3 infected BHK-21 cells, as de-
scribed under Materials and methods. The metabolically
labeled actinomycin D-resistant BUNV RNAs synthesized
from these templates were subjected to agarose–urea gel
electrophoresis and were visualized by fluorography. Tem-
plate BUN-S(ren) directed the synthesis of three BUNV-
specific RNAs (Fig. 2B, lane 2), and consistent with the
larger size of the Renilla coding sequence in the BUN-
S(ren) genome analog (936 nt) compared to the coding
sequence of the BUNV S segment (702 nt), the three BUN-
S(ren) RNAs were of a slower mobility than those generated
from S-BUN (Fig. 2B, lane 1). The RNAs generated from
templates BUN-M(ren) and BUN-L(ren) were slightly dif-
ferent in mobility from those synthesized from BUN-S(ren),
as might be expected from the different lengths of their
terminal sequences. RNAs generated from BUN-M(ren)
and BUN-L(ren) (Fig. 2B, lanes 3 and 4) resolved into two
bands, in each case the faster mobility band was of greater
intensity than the slower band.
We also constructed cDNAs that generated BUN-S(ren),
BUN-M(ren), and BUN-L(ren) genome analogs by primary
transcription of a negative sense RNA by T7 RNA poly-
merase. These templates generated metabolically labeled,
actinomycin D-resistant RNAs indistinguishable from those
made by the genome analogs generated from positive sense
primary T7 RNA polymerase transcripts (results not
shown).
Identification of RNA products of BUN-S(ren),
BUN-M(ren), and BUN-L(ren)
To investigate the RNA synthesis characteristics of the
BUN-S(ren), BUN-M(ren), and BUN-L(ren) templates, it
was necessary to identify the RNA species they generated.
This could not be inferred by comparison with the previ-
ously identified BUNV S segment RNAs because the aga-
rose–urea gel system we used separates RNAs based on
both size and base composition. Therefore, RNAs generated
by BUNV genome analogs were identified using sequence-
specific oligonucleotide hybridization followed by RNase H
digestion.
RNAs generated by BUN-S(ren) were incubated with
RNase H and oligonucleotides shown in Fig. 3A, and the
digested RNAs were subjected to agarose–urea gel electro-
phoresis (Fig. 3B). The positive sense oligonucleotide
RD() mediated cleavage of the RNA having slowest mo-
bility, identifying it as the negative sense genomic RNA
(Fig. 3B, lane 2). The negative sense oligonucleotide
RD() caused cleavage of the two faster migrating RNAs,
identifying them as the positive sense antigenome and
mRNA (Fig. 3B, lane 3). However, as the BUNV S segment
mRNA is approximately 100 nt shorter than the S segment
antigenome (Jin and Elliott, 1993a), the mRNA was likely
the RNA having the fastest mobility, with the antigenomic
RNA being of intermediate mobility. This assignment was
confirmed by incubating the RNAs with oligonucleotide
SP() that annealed to the 3 terminal portion of the anti-
genome that is not present in the 3 truncated mRNA. Only
the RNA of intermediate mobility was cleaved, leaving the
fastest and slowest mobility band uncleaved. Therefore the
three BUN-S(ren) RNAs were identified as genome, anti-
genome, and mRNA in increasing order of mobility, respec-
tively (Fig. 3B, lane 1).
Identification of these RNAs showed that BUN-S(ren)
synthesized both genomic and antigenomic RNAs, as well
as mRNAs. Our results show that the cis-acting signals
necessary for generation of BUNV replication and tran-
Fig. 3. Identification of the RNAs generated by BUN-S(ren) genome
analog. (A) Oligonucleotides RD(), RD(), and SP() were annealed to
BUN-S(ren) RNAs as shown in the schematic. (B) Heteroduplexes were
incubated with RNase H and the digested RNAs were subjected to agaro-
se–urea gel electrophoresis and autoradiography. Each lane of the autora-
diograph is marked with the corresponding oligonucleotide used in the
digestion.
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scription products are located in the segment noncoding
terminal regions.
Oligonucleotide-mediated RNase H digestion was also
used to identify the RNAs synthesized from templates
BUN-M(ren) and BUN-L(ren) (data not shown). For both
templates, RD() mediated cleavage of the slowest mobil-
ity RNA, identifying it as negative sense genomic RNA.
The band of slowest mobility was cleaved in the presence of
RD(), identifying it as being composed of positive sense
RNA, likely comigrating antigenome and mRNAs. Consis-
tent with this assignment, M and L segment antigenome and
mRNAs synthesized during an orthobunyavirus infection
are of similar sizes and comigrate on agarose–urea gels
(Cunningham and Szilagyi, 1987).
The effect of altering support plasmid concentrations on
BUNV RNA synthesis
The effects of varying concentrations of N and L proteins
on BUNV RNA synthesis was investigated by indepen-
dently altering the quantity of both S and L segment support
plasmids while keeping the amount of template expressing
plasmid constant. RNA synthesis activity was determined
by analysis of metabolically labeled, actinomycin D-resis-
tant transcription and replication products by agarose–urea
gel electrophoresis (Figs. 4A and C). We first used template
BUN-S(ren) for this analysis because the transcription and
replication products it generated were resolved by agarose–
urea gel electrophoresis, which allowed determination of
how both transcription and replication activities were af-
fected. BUN-S(ren) replication ability was also indepen-
dently assessed by primer extension analysis (Figs. 4B and
D) using a positive sense oligonucleotide RENSEQ()
(Fig. 6A) to detect specifically the negative sense genomic
RNA.
As the amount of S support plasmid was increased up to
approximately 1.0 g, total RNA synthesis activity (both
replication and transcription) increased (Figs. 4A and B).
Total RNA synthesis did not change significantly as quan-
tities of S support plasmid were increased beyond 1.0 g.
When the amount of S support plasmid was fixed at 2.0
g, total RNA synthesis gradually increased as the quanti-
ties of L support plasmid were increased from 0.2 g to 2.0
g. Further increases in L support plasmid did not signifi-
cantly increase total RNA synthesis (Figs. 4C and D).
The relative abundance of the replication and transcrip-
tion products generated by BUN-S(ren) was not constant
throughout the range of support plasmids used. Transcrip-
tion was increased relative to replication as higher quantities
of S support plasmid were incorporated into the system (Fig.
4A). This finding suggested that altered abundance of the N
or NSs proteins expressed from the S segment coding region
affected the RNA synthesis activity of the S-BUN(ren)
template. The ability of our RNA synthesis system to si-
multaneously assay both mRNA transcription and RNA
replication, while controlling expression of these trans-
acting BUNV proteins, will allow us to further investigate
this observation.
Genomic RNA levels were also assayed by primer ex-
tension analysis to provide a second independent assay of
template replication activity. The abundance of genomic
RNA as measured by primer extension correlated exactly
with the abundance of the metabolically labeled genomic
RNA analyzed by agarose–urea gel electrophoresis at each
concentration of support plasmids used. The mobility of the
primer extension product mapped to the 5 end of the
genomic strand of BUN-S(ren), marked by an asterisk in the
adjacent sequence ladder (Figs. 4B and D, both lane T).
All subsequent transfections were performed using 2.0
g of S and L segment support plasmids in combination
with 6.0 g of template expressing cDNA. These plasmid
amounts were selected as they resulted in the greatest rep-
lication activity from template S-BUN(ren), as judged by
primer extension analysis (Fig. 4D, lane 7). Standardization
Fig. 4. Effect of varying support plasmid expression on RNA synthesis
from BUNV genome analog BUN-S(ren). Varying quantities of plasmid
expressing either the complete BUNV S segment coding region (A and B)
or the complete BUNV L segment coding region (C and D) were trans-
fected along with BUN-S(ren) template cDNA into vTF7-3-infected
BHK-21 cells while keeping quantities of the other support plasmid con-
stant. Quantities of cDNAs transfected are shown above the corresponding
lanes. RNA synthesis was examined by visualization of metabolically
labeled RNAs (A and C) and by primer extension analysis using positive
sense oligonucleotide RENSEQ(), shown schematically in Fig. 6A,
which extended to the 5 end of the genomic RNA (B and D). The
BUN-S(ren) cDNA was sequenced using oligonucleotide RENSEQ() to
act as a size marker, and the terminal BUN-S(ren) nucleotide is marked (*).
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of the support plasmid supply would also allow us to com-
pare the relative activities of altered templates under a
defined set of conditions. The support plasmid amounts we
determined to be optimal were different from those previ-
ously reported for analysis of BUNV RNA synthesis by
reporter gene analysis (Dunn et al, 1995). The reasons for
this are unknown, but may result from different transfection
efficiencies, the use of a different cell line, or because the
previous optimization was for expression of a reporter gene.
The effect of altering the supply of S and L support
plasmids on RNA synthesis activity of the BUN-M(ren)
genome analog was also analyzed. We found that maximal
replication of BUN-M(ren) was achieved using the same
amounts of S and L support plasmids that provided maximal
replication of BUN-S(ren) (results not shown).
Analysis of RNAs synthesized from BUN-S(ren),
BUN-M(ren), and BUN-L(ren) templates
using primer extension analysis
The positive and negative sense RNAs synthesized from
BUN-S(ren), BUN-M(ren), and BUN-L(ren) templates
were analyzed by primer extension analysis using negative
and positive sense end-labeled oligonucleotide primers
RENSEQ() and RENSEQ(), respectively.
The positive sense RNA products generated by these
templates are the primary T7 RNA polymerase transcripts,
the antigenomic RNA, and products of BUNV mRNA tran-
scription, and these are shown schematically in Fig. 5A. The
products that represented the T7 RNA polymerase tran-
scripts were identified as they were the only bands present
when the BUNV L support plasmid encoding the BUNV
RdRp was omitted from the transfection (Fig. 5B, lanes 2, 4,
and 6). Two major bands differing in size by a single
nucleotide were identified (Fig. 5B, lanes 2, 4, and 6). The
5 end of these two products did not map to the first and
second G residues following the T7 RNA polymerase pro-
moter sequence as expected, but rather were one nucleotide
larger, and this was likely due to the addition of a 5 cap
structure by an activity of the vTF7-3 vaccinia virus present
within the transfected cells.
When the BUNV RdRp L support plasmid was included
in the transfection, primer extension using RENSEQ()
identified the antigenome replication product and also the
mRNAs transcribed from each genome analog (Fig. 5B,
lanes 1, 3, and 5). The product that represented the antig-
enome precisely mapped to the 5 terminal nucleotide of the
corresponding antigenome template cDNA for each tem-
plate, and this is marked with an asterisk in each adjacent
sequence ladder (Fig. 5B, all lanes T). This indicated that
the non-BUNV sequence GG, present at the 5 end of the
template sequence, was repaired during replication to leave
an authentic 5 terminus. The bands that corresponded to the
BUNV RdRp transcription products generated from each
template were heterogeneous in size, extending beyond the
5 terminus of each template. This correlates with previous
studies that determined that the 5 end of BUNV mRNAs
comprised a 5 capped oligonucleotide of between 12 and
17 nt in length derived from host cell mRNAs (Jin and
Elliott, 1993a).
Extension of end-labeled oligonucleotide RENSEQ()
allowed identification of negative sense RNAs synthesized
Fig. 5. Analysis of positive strand RNA synthesis activity of BUNV S, M,
and L segment terminal sequences. (A) Diagrammatic representation of the
sites at which oligonucleotide RENSEQ() used for primer extension
analysis annealed to the Renilla sequence of the T7 primary transcript,
antigenome, and mRNAs generated by the BUN-S(ren), BUN-M(ren), and
BUN-L(ren) genome analogs. (B) RNAs were harvested from vTF7-3
infected BHK-21 cells transfected with either BUN-S(ren), BUN-M(ren),
or BUN-L(ren) templates and BUNV S and L support plasmids (L) or
BUNV S support plasmid alone (L). The positive sense RNAs synthe-
sized from these templates were detected by primer extension analysis
using end-labeled oligonucleotide RENSEQ(). The cDNAs expressing
the BUN-S(ren), BUN-M(ren), and BUN-L(ren) templates were sequenced
with oligonucleotide RENSEQ() to act as a size marker, and the corre-
sponding terminal nucleotide of each template is marked (*).
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from each template. A single product corresponding to the
genomic RNA was identified and this mapped to the 5
terminal nucleotide of the corresponding template cDNA,
marked with an asterisk in each adjacent sequence ladder
(Fig. 6B, all lanes T). The size of this product was different
for each of the three genome analog templates, and this
reflected the fact that the 5 noncoding regions of the S, M,
and L genomes are different lengths (Fig. 2A). The genomic
RNA was the only negative sense RNA expressed from
these templates.
These results show that direct analysis of BUNV genome
analog RNAs using primer extension allows investigation of
BUNV RNA synthesis at the level of both replication and
transcription.
Determination of the relative replication signaling
abilities of the S, M, and L segment nontranslated
sequences
The relative ability of the S, M, and L segment nontrans-
lated regions to signal replication was compared by deter-
mining the abundance of the primer extension product cor-
responding to the genomic RNA generated from each
genome analog template using densitometry (Fig. 6B, lanes
1, 3, and 5). Primer extension using RENSEQ() was
performed on equal amounts of harvested cell extract, as
evidenced by the equivalent abundance of primary T7 RNA
polymerase transcript generated from each corresponding
template (Fig. 5B, lanes 1, 3, and 5).
Template BUN-M(ren) was the most active for genome
replication (Fig. 6B, lane 3), followed by BUN-L(ren) (Fig.
6, lane 5), with BUN-S(ren) being the least active (Fig. 6B,
lane 1). Expressed as a percentage of total genome synthe-
sis, the molar abundances of genomic RNAs was M(52%)
 L(35%)  S(13%).
The ability of the three templates to synthesize anti-
genomic RNAs followed this same trend, M  L  S, as
can be seen from the relative abundance of bands corre-
sponding to the anti-genomic RNAs, marked with asterisks
in Fig. 5B lanes 1, 3, and 5. Determination of relative
mRNA transcription abilities of the same templates was
complicated by the variable length of 5 extensions present
on BUNV mRNAs (Fig. 5B lanes 1, 3, and 5) and so was
not attempted in this study.
Quantitation of relative genomic RNA synthesis by S, M,
and L segment terminal sequences by cotransfection
As an alternative approach to determining the relative
replication signaling abilities of the three BUNV segment
terminal regions in independent transfections, the S, M, and
L segment-specific templates were simultaneously trans-
fected into a single culture of BHK-21 cells. This approach
would allow cells to be transfected with all three templates
and so would more closely reflect the situation during a
BUNV infection when all three genome segments are
present within the same cell. Different amounts of template
expressing plasmids were transfected into cells to ensure
that multiple cells within the culture received all three
plasmids.
The replication ability of the three segment terminal
regions following cotransfection was analyzed using primer
extension analysis as described in the previous section (Fig.
7, lanes 1–4) and was determined to be M  L  S. This
is the same trend as determined when the templates were
individually transfected (Fig. 6B, lanes 1, 3, and 5). Ex-
pressed as a percentage of total genome synthesis, the molar
abundances of genomic RNAs for this series M  L  S
Fig. 6. Analysis of negative strand RNA synthesis activity of BUNV S, M
and L segment terminal sequences. (A) Diagrammatic representation of the
site at which oligonucleotide RENSEQ() used for primer extension
analysis annealed to the common internal sequence (Renilla luciferase) of
the genomic RNAs generated by the BUN-S(ren), BUN-M(ren), and BUN-
L(ren) genome analogs. (B) RNAs were harvested from vTF7-3-infected
BHK-21 cells transfected with either BUN-S(ren), BUN-M(ren), or BUN-
L(ren) templates and BUNV S and L support plasmids (L) or BUNV S
support plasmid alone (L). The extension products of end-labeled oligo-
nucleotide RENSEQ() were electrophoresed on a sequencing gel and
their abundance was determined by densitometric analysis as described
under Materials and methods. The abundance of BUN-S(ren), BUN-
M(ren), and BUN-L(ren) genomic RNAs is shown alongside the corre-
sponding extension products expressed as a percentage of the total abun-
dance of all three genomic RNAs, calculated as the mean of three
independent experiments. The cDNAs encoding the BUN-S(ren), BUN-
M(ren), and BUN-L(ren) templates were sequenced with oligonucleotide
RENSEQ() to act as a size marker, and the corresponding terminal
nucleotide of each template is marked (*).
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was (M)67%  (L)29%  (S)4%. This is different from the
abundances determined for the same templates when indi-
vidually transfected (52%:35%:13%). The most noticeable
difference was the more than threefold reduced genome
synthesis ability of BUN-S(ren) in the combined transfec-
tion. The ratio of relative genome synthesis did not change
significantly when the amounts of each template that the
cells received were altered (Fig. 7, lanes 2, 3, and 4).
The basis for the enhanced genome synthesis ability of
the M segment terminal sequences
Results from the previous sections showed that the rel-
ative replication signaling ability of the three segment ter-
minal regions was M  L  S. We investigated what
feature of the M segment terminal regions was responsible
for its higher genome synthesis ability.
Since the three genome analogs were constructed by
placing the unique nontranslated sequences around a com-
mon internal cDNA fragment, their different replication
abilities had to be due to signals within these unique se-
quences (Fig. 2A). The location of these signals was inves-
tigated by removing blocks of 6 or 12 nt from both the 3
and 5 nontranslated terminal regions of BUN-M(ren) and
exchanging them for the corresponding region of BUN-
S(ren), the least active template for genome synthesis (Fig.
8A). The resulting templates were named BUN-S(ren)-M6
and BUN-S(ren)-M12, respectively, and are shown sche-
matically in Fig 8A. These templates were subjected to
primer extension analysis using oligonucleotide primer
RENSEQ() (Fig. 6A) as described above. The ability of
BUN-S(ren)-M6 and BUN-S(ren)-M12 to synthesize
genomic RNA was then compared to the BUN-S(ren) and
BUN-M(ren) parental templates to determine if the nucle-
otide changes signaled increased RNA synthesis. To allow
comparison between lanes, the RNA synthesis activities of
these templates were standardized against the abundance of
primary T7 RNA polymerase transcription products gener-
ated from each template (data not shown).
Quantitation of primer extension products revealed that
template BUN-S(ren)-M6 showed increased synthesis of
genomic RNAs compared to the BUN-S(ren) parental tem-
plate, and this level was further increased for template
BUN-S(ren)-M12 (Fig. 8B). These findings indicated that
the enhanced ability of BUN-M(ren) to replicate compared
to BUN-S(ren) was predominantly due to nucleotide differ-
ences within a 12-nt region of both the 3 and 5 termini.
However, as the replication ability of BUN-S(ren)-M12 did
not reach that of the parental BUN-M(ren) template, our
results suggest that sequences outside the exchanged region
may also contribute to the greater replication ability of the
M segment.
Discussion
The two Bunyaviridae family members for which data
are available generate replication and transcription products
from their three segments in amounts that are not equal.
LACV orthobunyavirus (Rossier et al., 1988) and UUKV
phlebovirus (Pettersson and Kaariainen, 1973) generate
more M segment genomic RNAs than either their L or S
segments. In addition, for LACV the dominance of M seg-
ment replication over replication of L or S segments is both
temporally and cell type dependant, indicating that regula-
tion of bunyavirus RNA synthesis is complex. The molec-
ular basis for the different levels of gene expression from
the S, M, and L segments of these viruses is not understood.
However, fundamental aspects of bunyavirus gene expres-
sion and regulation are now accessible to investigation fol-
Fig. 7. Analysis of competing genome synthesis of BUNV S, M, and L
segment genome analogs by cotransfection. Plasmids expressing BUNV
templates BUN-S(ren), BUN-M(ren), and BUN-L(ren) were cotransfected
into vTF7-3-infected BHK-21 cells along with BUNV S and L support
plasmids. Each template expressing plasmid was transfected at the standard
6-g quantity (lane 1) or at 18, 9, and 2 g (lanes 2, 3, and 4). The
abundance of resulting genomic RNAs was determined by primer exten-
sion analysis using end-labeled oligonucleotide RENSEQ(), shown sche-
matically in Fig. 6A. Extension products were electrophoresed on a stan-
dard sequencing gel, and their abundance was determined by densitometric
analysis as described under Materials and methods. The ability of templates
BUN-S(ren), BUN-M(ren), and BUN-L(ren) to synthesize genomic RNAs
is shown alongside the gel, expressed as a percentage of the total abun-
dance of all three genomic RNAs calculated as the mean of three indepen-
dent experiments. Only quantitation of lane 1 is shown as variation in the
quantity of genome analog expressing cDNAs (lanes 2, 3, and 4) did not
significantly alter the calculated replication ability.
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lowing the development of reverse genetics procedures for
Bunyamwera (Dunn et al., 1995), Rift Valley fever (Pre-
haud et al., 1997), Toscana (Accardi et al., 2001), and UUK
viruses (Flick et al., 2002; Flick and Pettersson, 2001).
Previous manipulation of BUNV S segment-like genome
analogs determined that signals directing RNA synthesis
were localized within the nontranslated terminal regions
(Dunn et al., 1995). For Rift Valley fever virus, mutational
analysis of the 3 genomic RNA terminus showed that just
the first 13 nt were sufficient for RNA synthesis, and further
alterations identified the particular importance of nucleotide
positions 3 to 8 and also of nucleotide 13 (Prehaud et al.,
1997). A more extensive analysis of the 3 and 5 nontrans-
lated region of an UUK phlebovirus M-like segment (Flick
et al., 2002) identified two elements that contained impor-
tant regulatory signals for RNA synthesis. Both of these
studies assayed RNA synthesis using the sensitive approach
of reporter gene expression. However, as these assays mea-
sured accumulation of reporter gene products, mutations
affecting either transcription or replication could not be
Fig. 8. Identification of cis-acting signals within the BUNV M segment terminal regions responsible for increased replication ability. (A) The terminal 25
nt of BUN-S(ren) and BUN-M(ren) genome analogs and their derivatives are shown. Genome analogs BUN-S(ren)-M6 and BUN-S(ren)-M12 were generated
by inserting blocks of 6 and 12 nucleotides, respectively, from both the 3 and 5 terminal regions of BUN-M(ren) (boxed sequence) into the corresponding
positions of template BUN-S(ren). (B) BUNV genome analogs BUN-S(ren), BUN-M(ren), BUN-S(ren)-M6, and BUN-S(ren)-M12 were individually
transfected into vTF7-3-infected BHK-21 cells along with plasmids encoding either BUNV S and L support plasmids (L) or BUNV S support plasmid alone
(L). The ability of templates to generate negative sense RNAs was determined by primer extension analysis using end-labeled oligonucleotide RENSEQ().
Extension products were electrophoresed on a standard sequencing gel, and their abundance was determined by densitometric analysis as described under
Materials and methods. The ability of each template to synthesize genomic RNAs is shown at the bottom of each corresponding lane, expressed as a
percentage of the ability by which the RNA was synthesized by BUN-M(ren) and is the mean of three separate experiments.
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discriminated, as both of these processes would ultimately
affect mRNA accumulation.
Our goal was to be able to analyze independently the
processes of RNA replication and mRNA transcription of
BUNV, the prototypic Bunyaviridae family member. To
achieve this we modified the previously described BUNV
RNA synthesis system (Dunn et al., 1995) to generate
RNAs so abundantly that they could be metabolically la-
beled, rather than rely on analysis of reporter gene expres-
sion. Using this assay, both positive and negative sense
replication products and mRNA transcripts could be directly
identified and quantitated.
Using direct RNA analysis we investigated whether the
segment-specific terminal sequences located within the 3
and 5 terminal promoter regions of each BUNV segment
affected the replication ability of the respective segments.
We postulated that these unique sequences could be respon-
sible for directing the observed differences in S, M, and L
segment genome synthesis ability during a bunyavirus in-
fection.
The replication signaling ability of the entire terminal
nontranslated regions of each of the three BUNV segments
was compared using three genome analogs designated
BUN-S(ren), BUN-M(ren), and BUN-L(ren). These tem-
plates respectively contained the entire nontranslated 3 and
5 terminal regions of the S, M, or L segments surrounding
a common sequence (Renilla luciferase). This strategy of
removing the segment coding regions allowed us to focus
our analysis on determining whether the terminal promoter
sequences alone affected RNA replication and to exclude
the possibility of trans-acting components encoded by the
segments feeding back and affecting RNA synthesis.
The M segment terminal sequences were found to be
most active in signaling genome synthesis, with the L seg-
ment sequences being second most active and the S segment
sequences being least active. This ranking of genome syn-
thesis ability matches that determined for LACV during
infection of mosquito cells (Rossier et al., 1988) and pro-
vides evidence that the unique terminal sequences present
on each genome segment regulate BUNV gene expression.
When all three genome analogs were introduced into
cells together, as occurs with the S, M, and L segments
during a BUNV infection, the same relative order of ge-
nome synthesis, M  L  S, was observed. However, the
absolute levels of the three genomic RNAs were altered
from that seen during independent transfections, the greatest
difference being a threefold decrease in the ability of the S
segment to perform genome replication. A possible expla-
nation is that the M and L segment templates outcompete
the S segment template for a component present within
transfected cells required for BUNV RNA synthesis, such as
the BUNV N or L proteins, or an unidentified host cell
component. It is possible that a similar state of competition
exists between the three segments during a BUNV infection
and this may influence BUNV gene expression.
To investigate why the M segment terminal regions were
most active in signaling replication and also investigate how
BUNV sequences modulate replication signaling ability, we
constructed templates BUN-S(ren)-M6 and BUN-S(ren)-
M12 in which 6- or 12-nt blocks, respectively, were simul-
taneously taken from both 3 and 5 termini of BUN-M(ren)
and exchanged with the corresponding nucleotides of BUN-
S(ren) (Fig. 8A). Consistent with our current finding that M
segment noncoding sequences promoted the greatest repli-
cation, transfer of these sequences into BUN-S(ren) caused
a marked increase in the replication activity of the resulting
templates. Sequences within the 12 nt taken from both the
M segment 3 and 5 termini therefore contained an element
that signaled enhanced BUNV replication ability. However,
as transfer of these nucleotides did not restore 100% of the
BUN-M(ren) replication activity, sequences outside of these
may also play a minor role in signaling enhanced M seg-
ment replication.
How these M segment-specific nucleotides function to
enhance genome replication is unclear. A comparison of the
nucleotide sequences of the first 23 nt of the M and S
segments reveals that the M segment termini exhibit a
greater extent of terminal complementarity than between
those of the S segment (18 and 16 nt, respectively). It is
possible that this increased complementarity may influence
the replication ability of these segments.
Secondary structure predictions, chemical cross-linking,
and electron microscopy have indicated that the genomes of
many Bunyaviridae family members form “pan handle”
structures (Obijeski et al., 1976; Pettersson and von
Bonsdorff, 1975; Raju and Kolakofsky, 1989; Samso et al.,
1975) thought to be mediated by terminal complementarity.
However, it is not known whether these structures play a
functional role in RNA synthesis. Interestingly, a recent
study involving UUKV indicated that single nucleotide dis-
ruptions of terminal complementarity within nucleotides 11
to 15 and 13 to 17 of the 3 and 5 genomic termini,
respectively, did not significantly reduce reporter gene ac-
tivity of a UUKV genome analog, suggesting that terminal
complementarity within this region was not essential for
UUKV RNA synthesis (Flick et al., 2002). However, ter-
minal association is a functional requirement for the RNA
synthesis activity of several negative strand RNA viruses,
the best characterized example being influenza virus (Hsu et
al., 1987). The influenza virus pan-handle has been sub-
jected to extensive mutagenesis and biophysical analysis
and the roles of individual nucleotides in promoting influ-
enza virus transcription and replication have been deter-
mined (Bae et al., 2001; Flick and Hobom, 1999; Flick et
al., 1996; Fodor et al., 1994, 1995; Kim et al., 1997; Leahy
et al., 2002; Li and Palese, 1992; Tiley et al., 1994; Zheng
et al., 1996). Mutations that reduce complementarity within
the distal pan-handle region attenuate transcription of model
segments (Flick et al., 1996), and in the context of rescued
influenza viruses, mutations in this region have been shown
to reduce mRNA accumulation, possibly due to a defect in
3 end poly(A) tail addition (Fodor et al., 1998). There is
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also evidence to suggest that the termini of nonsegmented
RNA viruses, both negative (Wertz et al., 1994; Whelan and
Wertz, 1999) and positive stranded (You and Padmanabhan,
1999), also interact functionally, indicating that this phe-
nomenon may be widespread.
It is also possible that the high replication ability of the
M segment-specific sequences is signaled through means
other than increasing complementarity. M segment nucleo-
tides may allow formation of structural elements that exert
their effect through presentation of specific unmatched or
mismatched nucleotides to essential trans-acting compo-
nents. Alternatively these nucleotides may influence repli-
cation by providing signals that are contained within either
terminus alone and are independent of potential comple-
mentarity with nucleotides at the opposite terminus.
Further experiments are required in order to understand
how the BUNV segment termini both signal and modulate
RNA synthesis and also to determine whether terminal
interactions play a functional role in the processes of BUNV
mRNA transcription or RNA replication.
Materials and methods
Plasmid constructions
Plasmid pT7riboBUN-S contains the full-length S seg-
ment cDNA under control of the bacteriophage T7 promoter
and flanked at the 3 end by the hepatitis delta virus ri-
bozyme (Bridgen and Elliott, 1996). Following ribozyme
cleavage, the T7 RNA polymerase transcript generated from
this plasmid was identical to the antigenomic strand of the
authentic BUNV S segment, except for the presence of two
additional non-BUNV G residues at the 5 end.
Plasmids pBUN-S(ren), pBUN-M(ren), and pBUN-
L(ren) were generated by precisely exchanging the entire
BUNV S, M, or L segment protein coding regions with the
936-nt coding region of the Renilla luciferase protein while
keeping the nontranslated sequences of the respective S, M,
and L segments intact. Therefore, plasmid pBUN-S(ren)
contained S segment nucleotides 1–85 and 788–961,
pBUN-M(ren) contained M segment nucleotides 1–56 and
4359–4458, and pBUN-L(ren) contained L segment nucle-
otides 1–50 and 6768–6875. The constructions were con-
firmed as correct by DNA sequence analysis. Following
ribozyme cleavage, the positive sense T7 RNA polymerase
transcripts generated from each of these plasmids had a 3
end that corresponded exactly to the 3 end of the corre-
sponding BUNV segment and a 5 end that had two addi-
tional nonBUNV nucleotides (GG).
Alterations to introduce blocks of 6 or 12 nt of both 3
and 5 M segment-specific terminal sequences into the
pBUN-S(ren) plasmid were achieved by Quikchange mu-
tagenesis (Stratagene) using mutagenic oligonucleotides
(Operon Inc., Valencia, CA). All sequence changes were
confirmed by DNA sequence analysis.
Transfections
Transfections to generate BUNV RNAs from cDNA-
derived templates were performed as described previously
(Pattnaik et al., 1992; Pattnaik and Wertz, 1990), with only
minor changes. Briefly, 2.0 g quantities of support plas-
mids expressing BUNV S and L segment open reading
frames (Dunn et al., 1995) were transfected along with a
6.0-g quantity of a plasmid expressing a genome analog
into subconfluent 60-mm dishes of baby hamster kidney
(BHK-21) cells previously infected with vaccinia virus re-
combinant vTF7-3. In order to metabolically label the
BUNV-specific RNAs, monolayers were incubated with
[3H]uridine (33 Ci/ml, Moravek Biochemicals Inc., Brea,
CA) and actinomycin D (10 g/ml, Sigma Chemical Co.,
St. Louis, MS) 12 h after the initial transfection, for a period
of 6 h. All cell culture incubations were performed at 33°C.
Total cell RNAs were harvested from cells 18 h after the
initial transfection using the RNeasy procedure (Qiagen
Inc., Valencia, CA).
Infections
BUNV RNAs were generated by infecting confluent
monolayers of BHK-21 cells with BUNV in 60-mm dishes
at an moi of 3, at a temperature of 33°C. RNAs were
metabolically labeled by incubating monolayers with [3H]
uridine (33 Ci/ml) and actinomycin D (10 g/ml) 2 h after
the onset of infection for a further 4 h. Cytoplasmic RNAs
were harvested from BUNV-infected cells using sequential
phenol and chloroform extractions followed by ethanol pre-
cipitation.
Analysis of RNAs
To visualize BUNV-specific RNAs directly, metaboli-
cally labeled actinomycin D-resistant RNAs were separated
by agarose–urea gel electrophoresis (Wertz and Davis,
1979) followed by fluorography and autoradiography.
Specific identification of [3H]uridine-labeled BUNV
RNAs generated in the transfection system from sub-
genomic replicons containing Renilla luciferase gene se-
quences was achieved using strand-specific oligonucleotide
hybridization and RNase H digestion performed as de-
scribed previously (Barr et al., 1997). Positive and negative
sense BUNV-specific RNAs were identified using oligonu-
cleotide primers RD () (5-GCTATAATGAAATGC-
CAAACAAGCGCC-3) and RD () (5-GGCGCTTGTT-
TGGCATTTCATTATAGC-3), respectively (Fig. 3A).
Oligonucleotide SP() (5-GCCCGCTGTCTTTCTGTC-
CCCAACC-3) annealed to positive sense sequences within
the nontranslated region present only in the antigenome
replication product (Fig. 3A).
Primer extension analysis was also used to identify and
quantitate the abundance of BUNV RNAs. Briefly, PAGE-
purified oligonucleotides (Operon Inc., Valencia, CA) were
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5 end-labeled using T4 polynucleotide kinase (0.4 U/l,
Invitrogen, Carlsbad, CA) and [33P]ATP (0.5 Ci/l, ICN
Biomedicals, Irvine, CA). Oligonucleotide RENSEQ()
(CTTTTGTTCTGGATCATAAACTTTC) was used to de-
tect the 5 end of positive sense BUNV RNAs, while oli-
gonucleotide RENSEQ() (ATCAAATCGTTCGTTGAG-
CGAG) was used to detect the 5 end of negative sense
BUNV RNAs (Figs. 5A and 6A). Total cell RNA was
incubated with excess amounts of oligonucleotide primer
for 1 min at 100°C and then rapidly chilled on ice. Primers
were extended using modified Moloney murine leukemia
virus reverse transcriptase (superscript II, Invitrogen, Carls-
bad, CA) at a temperature of 42°C using conditions recom-
mended by the manufacturer. Where indicated, the appro-
priate end-labeled oligonucleotide was used to generate a
sequence ladder from the appropriate plasmid template us-
ing modified T7 DNA polymerase (Sequenase Version 2.0,
United States Biochemical Corp., Cleveland, OH). The re-
sulting radiolabeled DNAs were electrophoresed through a
standard 6% polyacrylamide sequencing gel and visualized
by autoradiography.
Quantitation of RNA species
Quantitation of 33P-labeled cDNAs generated by primer
extension was performed by densitometric analysis of au-
toradiographs using PDI Quantity One software on a How-
tek Scanmaster 3 densitometer. All primer extension quan-
titations were performed a minimum of three times using
RNAs harvested from separate transfections.
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